We have been investigating registration methods for improving digiand measuring pathological, physical, or functional changes tal subtraction angiography (DSA) images to extract blood vessels by in the vascular system. Although a variety of registration reducing artifacts due to body motion, such as rotation, contraction, and methods have been proposed, the registration method comdilation. In this paper, we propose a new and simple DSA registration monly used in radiology is a manual method based on the 
The basic principle of these methods is to maximize a critevectors; cross-correlation function.
rion measure of intensity pattern similarity [4, 5] . Many criterion measures were proposed for registration; the sum of squared intensity differences, the sum of absolute values of intensity differences, cross-correlation, and the entropy of the difference image [6] [7] [8] [9] . Artifacts in DSA are to be 1. INTRODUCTION reduced by the methods used with these criterion measures.
In this paper, we propose a new and quite simple, but effective, algorithm to reduce motion artifacts in DSA imRegistration is fundamental in the image processing of ages using local distortion vectors. digital subtraction angiography (DSA) images for detecting
The distortion vectors are calculated in the respective center of regions of interest (ROIs). This method reduces 1 To whom correspondence should be addressed at Department of motion artifacts due to not only translational motion but also Human and Artificial Intelligence Systems, Faculty of Engineering, and obtaining a DSA image is considered to be relatively and respiratory movements are one of the major problems short compared with the other automatic registration methin DSA diagnosis. Many methods of reducing motion artiods that have sophisticated movement or deformation facts in DSA images, for example, energy subtraction, hybrid models.
subtraction, and the application of a matched filter technique, Because the proposed method does not require a sophistihave been proposed [10] [11] [12] [13] . However, it is not convenient cated deformation model, it can be introduced to the daily to implement or use any of the above methods with the DSA work registration method. Despite the simple algorithm, the system in radiology because it is time consuming to adapt proposed method eliminates motion artifacts more effecthe parameters of the methods, or the methods do not provide tively than other conventional registration methods. For DSA robust registration. images of the head and neck, the proposed method depicts
The object images in this paper are cerebral vascular peripheral blood vessels around the nasal cavity and the angiographies digitized from those radiographed on X-ray orbit more clearly than has been observed by conventional film (Fig. 1 ) and cephalic vascular images obtained as digital methods. We applied the proposed method to abdominal and images from imaging plates (Fig. 2) . Figure 2a is a mask leg DSA images.
image radiographed before administration of the contrast medium, Fig. 2b is a live image radiographed after administration, and Fig. 2c is an original subtraction image con-2. MATERIAL AND ALGORITHMS taining artifacts. Although the head is considered to be easily held in a fixed position and hence yields few artifacts, in practice 2.1. DSA motion artifacts remain, as seen in Figs. 1c and 2c. Due to artifacts, it is difficult to discriminate the capillary vessels. DSA is currently used to identify atypical vascular disorTherefore, it is important to reduce artifacts in the images. der. Angiography is an X-ray exam of the arteries and veins
The registration method based on the rigid body translation to diagnose stenosis or other blood vessel disease. One of model is implemented in many DSA systems, and DSA the most common reasons for an angiogram is to determine images are constructed after registering manually. This procif there is a blood clot or stenosis in the blood vessels, ess decreases artifact degradation; however, the clarity of reducing blood flow. images that include noise or rotation; however, for images for N ϫ N pixels. Registration is accomplished by shifting the pixels of the mask image according to the obtained including motion artifacts, they are not effective. distortion vector of every pixel, and the mask image is corrected by interpolating the values of the shifted pixels.
Algorithms of Proposed Registration Method
Finally, we obtain a DSA image with reduced artifact degradation by subtracting the mask image, pixel-by-pixel, from In this section, we explain in detail the registration method the live image. for DSA images proposed in this paper.
Because this method does not require the artifacts themLet the size of the original image be N ϫ N pixels, the selves to be modeled, it may be implemented in DSA systems mask image intensity value at pixel [i,j ] be M(i,j ), and the easily and provide automatic registration to reduce artifacts live image intensity value at pixel [i,j ] be L(i,j ), (i,j ϭ 1-N ).
in DSA images. We denote the number of distortion vectors as n times n, and the size of an ROI as R ϫ R pixels. Figure 3 shows an outline of the process of the proposed registration method. Prior to the registration step, the edges of both the mask and live images are enhanced by applying a Laplacian filter. We set an ROI of R ϫ R pixels on the edge-enhanced image, and determine the distortion vectors in the ROI in pixel units by detecting the peak position of the two-dimensional cross-correlation. We call this part of the process pixel-by-pixel registration. In the next step, we set the same ROI on the original image, not the edge-enhanced image, and determine the distortion vectors in the subpixel units in the same manner. We call this part of the process subpixel registration. Subpixel registration is applied to the original images and not the edge-enhanced images because incorrect distortion vectors may be extracted from n ROI using a B-spline function, giving the distortion vectors
The registration method is comprised of the following of the correlation function are calculated by shifting the mask image pixel-by-pixel in the horizontal and vertical five processes. Each process is explained in detail below.
directions within Ϯm 0 pixels (m 0 Ͻ R: ROI size). We define Process 1: Establishing the local region around a onethe correlation function as pixel center.
Process 2: Pixel-by-pixel registration. where ⌬x and ⌬y are the number of pixels in the direction Process 5: Construct a subtracted image from the live of x and y, respectively. The summation in the equation is image and the mask image.
over the ROI. AM and L are the edge-enhanced image. In this subprocess, the ROI of the mask image is shifted relative Process 1: Setting ROI to the ROI of the live image in a pixel-by-pixel manner. We define the local distortion vector at the center of We set an ROI of size R ϫ R pixels at the same position the ROI in the pixel unit as (⌬x,⌬y), where the correlation in both the mask and live images. We denote the mask image function F ⌬ (⌬x, ⌬y) gives the maximum value. of ROI as AM(i,j ), and the corresponding area of the live image as AL(i,j ), (i,j ϭ 1-R). ROIs are placed at equal intervals of m (m Ͻ R) pixels over the image. Processes 2 and 3 are applied to all ROIs.
Process 3: Subpixel-by-Subpixel Registration
To improve the precision of the local distortion vector Process 2: Pixel-by-Pixel Registration obtained by pixel-by-pixel registration in Process 2, we perform subpixel registration. As the result of preliminary exIn this process, we apply the pixel-by-pixel registration periments using 1/6, 1/10, or 1/20 of a pixel, in this study we method to an ROI on the edge-enhanced images. The edgeset a subpixel as 1/10 of a pixel. The preliminary simulation enhancement filter is described in Process 2.1, and the pixelshowed that the average error for 1/6 of a pixel is Ϫ0.126, by-pixel registration method to obtain a distortion vector is whereas that for 1/10 of a pixel is Ϫ0.060. The number of described in Process 2.2. Process 2.1 aims to easily perform artifacts is not reduced at this stage compared with the origithe pixel-by-pixel registration described in Process 2.2, nal images. Hence considering the computation speed and although noise enhances by applying Process 2.1.
artifact removal, we chose a subpixel as 1/10 of a pixel. We apply bilinear interpolation polynomials to the interpoProcess 2.1. Prior to pixel-by-pixel registration, we enlation of the values of pixels, as shown in Fig. 4 . The interpohance the edges in the ROI of both the mask and live images, lated values at (u,v), and I(u,v) are calculated from the values i.e., AM and AL, by applying a Laplacian filter. This subp(k,l), with the four pixels surrounding the point (u,v) as process is applied to reduce the effects of the contrasted follows: blood vessels in the live image, with the aim of producing a single clear peak in the correlation function for pixel-bypixel registration. This means that the edges of the vessels and the bone are enhanced, and that variations in vessel contrast are reduced. We use the following 3 ϫ 3 weighting coefficients for the Laplacian filter:
Process 2.2. We seek the distortion vector in pixel units by detecting the peak position of the two-dimensional cross- 
where k ϭ u and l ϭ v (x denotes the largest integer M ϭ 1
that does not exceed x). We also tested other interpolation methods, such as nearest-neighbor interpolation and cubic convolution interpolation; however, considering the resolution and computation speed, we concluded that bilinear interpolation is better than the others. 
We then search for a local distortion vector in a subpixel unit within the ROI, AM, and AL, through a similar process as the calculation of local distortion vectors in Process 2.2.
In this process, the target image for interpolating is the where B ij is 16 points of n ϫ n local distortion vectors for original mask image, not that processed with Laplacian filter all ROIs. in Process 2.1 because the differential filter acts on the image in pixel-by-pixel mode, causing interpolation errors.
Interpolation of the live image may reduce the contrast of Process 5: Constructing a Subtracted Image vascular vessel in angiography. The correlation function is defined as
In the final process, by subtracting the corrected mask image formed in the above process from the live image, we construct a new corrected subtraction image, in which the
number and severity of artifacts are reduced remarkably. A corrected mask image is obtained by shifting the pixels
according to the interpolated local distortion vectors of all pixels after applying the bilinear interpolation of the original where Mp(I Ϫ (⌬x ϩ dx), j Ϫ (⌬y ϩ dy)) is the interpolated mask image, thus yielding the pixel values for the corrected value of the original mask image. We obtain the additional mask image. distortion vector (dx,dy) in a subpixel unit by searching for
In our registration method, artifact removal is accomthe minimum point of the correlation function F d within plished by distorting the mask image, as we primarily intend (dx,dy) [Ϫ1, 1] ϫ [Ϫ1, 1]. In Processes 2 and 3, the to reduce the deformation of the vascular net and the lowdistortion vector is obtained (⌬x ϩ dx, ⌬y ϩ dy) at the ering of image quality, as previously mentioned in Process 3. center of the ROI. Applying Processes 2 and 3 to ROI moved by m pixels, we get n times n local distortion vectors.
RESULTS

Process 4: Interpolation of Distortion Vectors
We tested the registration method proposed in this paper on DSA images actually used in daily radiological examinaInterpolating the n times n local distortion vectors of the ROIs, we prepare the distortion vectors for all N ϫ N pixels tion. The parameters used in the registration algorithms are as follows: The size of images was 512 ϫ 512 (N ϭ 512) of the mask image. A B-spline function of order 3, is applied for interpolation and a central curved surface is defined from pixels, and the size of the ROI was 151 ϫ 151 (R ϭ 151) pixels. The interval of ROI movement was 30 (m ϭ 30) the 16 points surrounding the local distortion vector. Finally, we estimate the local distortion vector P(w,u) of each pixel pixels; thus, we could obtain 12 ϫ 12 (n ϭ 12) ϭ 144 local distortion vectors. The shifting range for calculating the at (w,u) of the mask image as correlation function within an ROI was Ϫ9 to 9 (m 0 ϭ 9) images, and Fig. 10b shows the image constructed by distortion vectors obtained only from pixel-by-pixel registration. pixels. Figures 5 and 6 show the results of applying the registraComparing the images, there are many artifacts in both, and the vascular system clearly seen in Fig. 8c cannot be tion method to X-ray DSA images. Figures 7 and 8 show the results for digital DSA images. Figure 5 is a lateral recognized due to the artifacts. It is thought that appropriate distortion vectors are not obtained when the correlation funccommon carotid artery angiogram, and Fig. 6 is an AP right common carotid artery angiogram. Figure 7 is a lateral tion is calculated from original images. We also tested another Laplacian filter. Similarly, artifacts were not removed cerebral vein angiogram, and Fig. 8 is a lateral vertebrae  cervical angiogram. compared to when using edge enhancement. As mentioned above, the proposed registration method Figure 5a shows a vector chart of the 12 ϫ 12 local distortion vectors. The distortion vectors consist of parallel removes artifacts via various distortions. We found that artifacts which are difficult to remove by the proposed registradistortion components oriented in an upper right direction; however, not all of the components of the distortion vector tion method may be removed only when the registration method based on the rigid model is applied as preprocessing. are equal. Figure 5b shows the subtraction image using the registration method based on the rigid model. Figure 5c The proposed method is then more effective in removing artifacts than conventional methods. The proposed method shows the subtraction image when applying the proposed registration method. Artifacts around the orbit and the lower takes about 5 min to construct the final subtraction images (Alpha DEC CPU, memory 256 M). It takes about 1/10th part in Fig. 5b have been almost completely eliminated compared to the conventional registration method. In Fig. 6a , the time as a result of attempting this method compared to performing parallel processing by conventional methods distortion vectors consist of dextrorotational components around the abscissa. In Fig. 6c , the artifacts prevalent in (12 CPU). Fig. 6b are considerably reduced. The peripheral blood vessels around the nasal cavity, which cannot be recognized in We performed an evaluation experiment to ascertain the effectiveness of the proposed method. Eight radiation techniin Fig. 7a reveals gyration movement components, and the pattern in Fig. 8a exhibits large parallel translation shift.
cians and four radiologists evaluated the subtracted images produced by the registration method based on the rigid Comparing Figs. 7b and 7c, artifacts around the orbit and the center of the image are considerably reduced in Fig. 7c , model, using radiographic equipment, and by the proposed registration method. The test was performed as a blind test. and the vascular net can be easily recognized. The artifacts in Fig. 8b are reduced in Fig. 8c , although many artifacts
The evaluation was defined in terms of a grading. We used 14 cases and prepared 3 types of DSA images: the remain.
As shown in Fig. 8 , many artifact remains because of original subtraction image constructed by subtracting the original mask image from the original live image, the image large parallel translation shift. Then we attempt to construct subtraction image by applying the proposed registration constructed by the registration method based on the rigid model, and the image based on the proposed registration method and the method based on the rigid model together. Figure 9 shows final images constructed by the proposed method. Three DSA images for each case were displayed in random sequence. The technicians and the doctors evaluregistration method after applying the method based on the rigid model as a preprocess. Figure 9a shows the image ated and scored each image as "first," "second," or "third" for each type of DSA image, depending on the diagnostic processed with the proposed registration method, and Fig. 9b is the image used in combination with the registration information extracted from the image. "First" was given in cases when artifacts were corrected sufficiently to assist in method based on the rigid model. The artifacts around the jaw are reduced, but are increased around neck.
clinical diagnosis, and "third" was given in cases when less diagnostic information was extracted due to artifacts. Figure 10 shows images processed without edge enhancement (Process 2.1). Using the original images, Figure 10a Table 1 shows the results of the evaluation test. In Table  1 method based on the rigid model is indicated by "par," and speed, the method proposed here effectively removes artifacts in DSA images in the most efficient way. In conclusion, the image process for registration based on the proposed method is indicated by "new." "RT" denotes radiation-techour proposed registration method has been applied successfully to reducing motion artifacts in DSA images. The reconnicians and "MD" denotes radiologists.
The "new" image is overwhelmingly shown to be better struction of blood vessels from rotational DSA images is now conducted using the proposed registration method at among the three types of images. Two of the physicians regarded the new image for cases C and D as inferior, either the author's hospital. because of personal subjectivity or because it was difficult to discriminate diagnostic information from images in which artifacts were removed. Thus we conclude that registration
